Twenty-four internally heated pressure vessel experiments were conducted at 810-860 C, 1Á5-4Á05 kbar, and oxygen fugacities (fO 2 ) ¼ NNO -0Á5 to NNO þ2 log units (where NNO is the nickel-nickel oxide buffer), using hydrous rhyodacitic starting glasses from Mt Usu, Japan. Aqueous solutions were added to experimental charges such that the volatile phase(s) coexisting with the crystalline phases (amphibole, plagioclase, and clinopyroxene) at run conditions buffered the F, Cl, S, and CO 2 concentrations in the melt. The resultant phenocryst phases and glass chemistries were analysed by electron microprobe and Fourier transform infrared spectroscopy, and final fluid Cl -contents by chloridometer. All experiments produced homogeneous glasses and large euhedral phenocrysts with minimal compositional zonation. The results of the crystal-melt partitioning data are applicable to understanding the geochemical evolution of rhyodacitic melts at fluid-saturated shallow crustal levels, the composition of fluid phases later exsolved owing to second boiling, and the effects of halogens on amphibole crystal chemistry. The residual glasses from these experiments span the dacite-rhyolite compositional join, and are hydrous (>5 wt % H 2 O) with F concentrations from 100 ppm to 0Á63 wt % and Cl from $130 ppm to 0Á72 wt %. Measured final fluid Cl contents show that Cl strongly prefers the fluid phase over the melt phase in all experiments, with D Cl fluid/melt ranging from 3Á5 to 22Á7. Amphibole compositions are calcic, Mg-rich, and typical of those found in natural calc-alkaline arc magmas. They are particularly sensitive to changes in melt halogen chemistry, with maximum amphibole F contents of 2Á59 wt % (maximum D F amph/melt values of !15) and maximum Cl contents of 0Á12 wt % (maximum D Cl amph/melt values of 0Á40). Integration of the amphibole data with other experimental data shows that Cl incorporation is a strong function of the Mg-Cl crystallographic avoidance principle, and that addition of F to the melt strongly decreases Cl partitioning at equivalent Mg# (D Cl amph/melt ¼ 0Á10 6 0Á02 in experiments that were not F-doped, compared with D Cl amph/melt ¼ 0Á05 6 0Á01 in F-doped experiments). Plagioclase compositions are relatively restricted, with anorthite contents An 59 -An 39 , and clinopyroxene is similarly calcic, containing a significant enstatite component (Wo 49 -Wo 30 ). The behaviour of Fe in the glass and crystalline phases is most significantly affected by the fO 2 of the experiment. Higher total Fe contents are found in amphibole and clinopyroxene from experiments with fO 2 < NNO þ1, but with little effect on the absolute D FeO mineral/melt . Plagioclase, however, shows relatively decreased D FeO plag/melt reflecting its preferential incorporation of Fe 3þ , and less Fe 3þ expected in melts crystallized at lower f O 2 conditions. Comparison of the data with recently formulated amphibole geothermometers, barometers, and plagioclase hygrometers shows calculated results that are consistent with the actual experimental conditions but discrepancies arise owing to halogen-induced major V C The Author(s)
INTRODUCTION
The eruptive and intrusive products from magmas of bulk dacitic composition are common in global arc settings and often record evidence for multi-stage ascent and crystallization within complex plumbing systems (e.g. Cottrell et al., 1999; Costa et al., 2004; Botcharnikov et al., 2008; Kent et al., 2010) . Experimental phase equilibria studies aid in deciphering the differences in petrogenetic histories of these magmas that are reflected in bulk magma chemistry, volatile contents, and the compositional evolution of the major phenocryst phases (e.g. Holtz et al., 2005; Sato et al., 2005; Muir et al., 2014; Riker et al., 2015; Andú jar et al., 2016) . Furthermore, such arc magmas are usually saturated in multiple phenocryst phases (such as amphibole, pyroxene, plagioclase, and Fe-Ti oxides) and may be transporting antecrysts as a result of earlier magma mixing (e.g. Halter et al., 2004; Humphreys et al., 2010; Tepley et al., 2013; Laumonier et al., 2014, and references therein) . This study therefore aims to better understand and contrast the controls on the partitioning behaviour and covariations in major elements and halogens, through examination of the crystallization of a natural rhyodacite melt from Mt Usu, Japan, as a function of temperature, pressure, oxygen fugacity (f O 2 ), and melt composition. In particular, this work examines the compositions of calcic amphibole, intermediate-An plagioclase, and clinopyroxene in equilibrium with rhyodacitic melts, containing volatile and halogen contents geologically relevant to intermediate-evolved arc magmas. Experimental conditions were chosen to closely reflect the environment of mid-to upper-crustal magma storage systems, consistent with the temperature, pressure and f O 2 characteristics of active arc volcanoes and their often associated hydrothermal ore deposits (e.g. Vigneresse, 2007; Richards, 2011) .
The results of these experiments are applicable to constraining the geochemical evolution of shallow crustal magma storage systems typical of rhyodacitic magmas, as a function of differentiation of multiple phenocryst phases. The results also aid in the identification of antecrysts sourced from other magma batches, based on their compositions. Additionally, the study presents the first systematic data for F partitioning between amphibole and rhyodacite melt, which is an important factor when attempting to reconstruct the sequences of volatile exsolution associated with 'second boiling' and the F/Cl/H 2 O ratios of the exsolved fluids (e.g. Baker & Alletti, 2012 , and references therein). Finally, the data for amphibole and plagioclase are also interpreted in conjunction with recently developed and updated geobarometers, geothermometers, and geohygrometers (e.g. Waters & Lange, 2015; Putirka, 2016) as a test of the experimental calibrations used in these models.
The convention used henceforth is that for an element i, the Nernst-type partition coefficient is calculated by
where D i is the partition coefficient for element i between the mineral phase and melt phase, and C i mineral and C i melt are the concentrations of element i in those phases (in weight per cent), respectively, coexisting at equilibrium (Beattie et al., 1993) . All errors reported on the partition coefficients are calculated through error propagation accounting for the standard deviation on the analytical analyses of the glasses and phenocrysts.
EXPERIMENTAL METHODS

Preparation of starting materials
The starting glasses for these partitioning investigations were prepared from a natural nominally anhydrous rhyodacite sample (NMNH sample 108980-14) from Mt Usu, Japan (see Tomiya & Takahashi, 2005) ( Table 1 ). The natural sample was crushed and powdered using an agate mortar and pestle and acetone. The raw Usu powder was loaded into Au 80 Pd 20 capsules with sufficient aqueous fluid to saturate the melt composition with 6 wt % H 2 O, and fused in the internally heated pressure vessel (IHPV) at the American Museum of Natural History (AMNH), New York. Run conditions were 1050 C, 2Á2 kbar and oxygen fugacity (f O 2 ) % NNO þ2Á0 (where NNO is nickel-nickel oxide buffer) for $100 h, and the runs were quenched isobarically (see 'Experimental conditions' section below). After this duration, the hydrated product glass was extracted, crushed and reloaded into another Au 80 Pd 20 capsule with no addition of fluid, and brought back to the same run conditions for a further $60 h, giving a total of $160 h.
This multiple-fusion procedure ensures that the hydrous starting glasses are as homogeneous as possible (Table 1) , which was confirmed by major and minor element analysis by electron microprobe (see 'Analytical methods' section below). Finally, the starting glasses were crushed again and loaded into the capsules to be used in the crystallization experiments. Note that three experiments were conducted using the raw Mt. Usu powder as the starting matieral, without the pre-hydration step.
Preparation of experimental capsules
Pure Au, Au 75 Pd 25 , or approximately Au 95 Cu 5 alloy capsules 1Á5-3Á0 cm in length with an outer diameter of 3 or 5 mm and a wall thickness of 1Á1 or 1Á9 mm were cleaned, bottom crimped, and welded shut using a PUK-3 tungsten-tipped gas flow arc welder. Varying masses of distilled water and aqueous alkali-chloride 6 alkali-sulfate 6 oxalic acid solutions 6 CaF 2 powder were added to the capsule, followed by 35-50 mg of hydrous starting glass powders ( Table 2 ). The open end of the capsule was then crimped shut and welded while the bottom end was immersed in a water bath. Use of this cooling and welding technique, with the fine power controls of the welder, minimizes the potential for volatilization of the solutions during preparation. The combined mass of all of the components in the finished capsules was then recorded, and the capsule was placed in a 1 atm oven at $120 C for 1 h. Once removed, if the capsule showed mass losses of >1 mg it was discarded and not used for these experiments.
Experimental conditions
These crystallization experiments were performed in a steel-walled IHPV at the AMNH. The general IHPV equipment specifications and features have been described by Holloway (1971) and Holloway et al. (1992) . The experiments (Table 2) were brought up to temperature and pressure within 30 min and run initially at 950 C, for at least 24 h, followed by a slow drop in temperature (10 C per 30 min) to the reported run condition. Temperature was cycled daily by 620 C around the reported run temperature to promote the growth of large crystals at the expense of smaller ones that would be more difficult to analyse, similarly to the method discussed by Erdmann & Koepke (2016) . The temperatures were measured with chromel-alumel thermocouples that are calibrated to the melting point of pure gold and positioned close to the midpoint of the capsule in the furnace. The orientation of the IHPV was adjusted from horizontal such that the temperature gradient across the length of the capsule in the hottest region of the furnace was minimized, and the gradient was consistently reduced to <10 C. Pure Ar gas pressures ranged from 1Á5 to 4Á05 kbar as determined with factory-calibrated, Heise Bourdon-tube-based gauges, and a recent calibration returned errors of 62 bar for pressures >700 bar.
The oxygen fugacity of the experiments ranged from NNO -0Á5 (nickel-nickel oxide minus 0Á5 log units) to NNO þ2Á0. The f O 2 was controlled either by direct application of a partial pressure of pure H 2 to the hottest region of the furnace, where the capsules are located, via a Shaw membrane capillary (e.g. Shaw, 1963; Scaillet et al., 1992; Schmidt et al., 1995) , or by the intrinsic hydrogen fugacity (f H 2 ) of the IHPV owing to the presence of H 2 in the steel alloy of the vessel walls. The ambient f O 2 buffering capacity of the IHPV was determined with an H 2 sensor, and for experimental charges where water activity was %1, the IHPV imposes an f H 2 roughly equivalent to an f O 2 of NNO þ2Á0 at 800 C and 200 MPa. The loading pressure of H 2 to the Shaw membrane was monitored with a precision of 1% relative with a factory-calibrated pressure gauge. The f O 2 can then be reasonably calculated, by assuming a water activity of unity in the capsule (i.e. assuming at all times that the melt coexists with a separate $100% H 2 O volatile phase). Although volatile phases in most of the capsules were not pure H 2 O, the uncertainties do not significantly affect the calculated f O 2 values. The accuracy on the calculated f O 2 values is then taken to be 60Á4 log units. For the two experiments where CO 2 was added as oxalic acid, the X H2O , and hence aH 2 O, was less than unity, and thus these experiments are the most reduced. In the discussion of the results, experiments conducted at ambient, unbuffered f O 2 conditions are described as 'intrinsic f O 2 ' and are f O 2 >NNO þ1Á0, whereas those conducted under direct application of pure H 2 are described as 'low f O 2 ' and are f O 2 <NNO þ1Á0. 70Á00  67Á05  66Á11  66Á23  65Á44  68Á31  TiO 2  0Á40  0Á39  0Á36  0Á31  0Á36  0Á21  Al 2 O 3  15Á04  14Á51  14Á57  14Á40  14Á36  14Á28  FeO*  3Á73  3Á48  2Á96  2Á88  3Á39  2Á01  MnO  0Á16  0Á23  0Á22  0Á14  0Á14  0Á18  MgO  0Á84  0Á89  0Á82  0Á80  0Á83  0Á88  CaO  3Á71  3Á70  3Á56  3Á44  3Á58  3Á50  Na 2 O  4 Á77  4Á21  4Á22  4Á34  4Á32  4Á39  K 2 O  0 Á93  0Á88  0Á89  0Á90  0Á87  0Á91  P 2 O 5  0Á15  0Á15  0Á15  0Á14  0Á15  0Á11  SO 3  0Á00  0Á00  0Á00  0Á02  0Á02 
The durations of the experiments ranged from 312 to 671 h, with most runs conducted for at least 400 h (16 days). Prior experimental investigations have determined that Cl-bearing, aqueous fluids equilibrate with hydrous felsic melts in as little as 3-5 days (Webster, 1992; Shinohara, 1994) . The experiments were concluded by rapid, isobaric quenching by cutting the power to the furnace and increasing the Ar pressure to sufficiently compensate for the pressure decrease during the thermal contraction of the cooling gas and capsule. In most cases, the temperature decreased from run conditions to below the glass transition temperature of $450 C in less than 8-10 s. The rapid quench method and relatively high viscosity of the melts in these experiments prevents the nucleation of nanolites and any back-reaction between the phenocrysts and melt 6 fluid phase(s) at lower temperatures.
Processing of run products
After quenching the runs, the mass of the charge was taken and if there was any loss or gain >1 mg relative to 850  2206  360  2Á1  -10Á7  0 Á06  --1-14-02  1-13-15  850  2190  385  2Á1  -10Á7  0 Á01  --1-14-04A  1-13-15  840  1500  480  -0Á4  -13Á4  0 Á04  --1-14-04B  1-13-15  840  1500  480  -0Á4  -13Á4  0 Á04  14Á01  3Á01  1-14-04C  1-13-15  840  1500  480  -0Á4  -13Á4  0 Á03  --1-14-05  1-13-15  840  2137  460  1Á9  -11Á1  0 Á44  9Á38  7Á99  1-15-12A  raw Usu  835  3633  336  2Á2  -10Á7  0 Á07  --1-15-12B  raw Usu  835  3633  336  2Á2  - 
*Run conducted in Au 96 Cu 4 tubing. † Calculated through mass balance. gl, glass; plag, plagioclase; amph, amphibole; cpx, clinopyroxene; oxi, Fe-Ti oxide; apa, apatite.
its pre-run mass, the capsule was discarded and not used. If the mass change was minimal, the capsules to which Cl-bearing fluids had been added were cleaned with ethanol then centrifuged for $5 min to concentrate the volatile phase towards one end. Using a cleaned, sharpened steel-tipped probe a small puncture was then made in the capsule. The capsule was then immediately placed into a vial containing a measured mass of doubly distilled water, such that the puncture was submerged in the water. The capsules were allowed to soak for a minimum of 168 h (1 week). The soaking procedure ensures that all alkali-chloride complexes that had precipitated from the coexisting volatile phase during quench are fully redissolved in the soak solution.
Following this soaking procedure, the capsules were removed from the soak solution and heated and dried in a 1 atm oven at 120 C. Non-Cl-bearing experiments were cleaned, punctured, and heated, without undergoing soaking. The two experiments with added CO 2 were placed in a À20
C freezer for at least 2 h before being punctured and the masses were recorded for gravimetry constraints on the quantity of CO 2 -rich vapour. These capsules were then heated as normal, and the masses were recorded again. The mass difference between the post-experiment pre-punctured capsule and the post-experiment punctured 6 soaked þ heated capsule is taken to represent the total volatile phase budget of that capsule.
Finally, the capsules were carefully opened using needle-nose pliers and a jeweller's blade to allow extraction of the crystalline run products. The run product chips were mounted and polished in epoxy resin, and carbon-coated for electron microprobe analyses, or chips were doubly polished for Fourier transform IR spectroscopy analysis.
ANALYTICAL METHODS
Electron probe microanalysis (EPMA)
The major, minor, and halogen element compositions of the experimental run product glasses and phenocrysts were determined by wavelength-dispersive spectrometry, using a JEOL JXA-8500F electron microprobe at the Peter Hooper GeoAnalytical Laboratory, Washington State University. An accelerating voltage of 15 kV, a beam current of 10 nA, and a beam diameter of 10 lm were used for glass analyses, whereas a 2 lm diameter beam was used for crystal analyses. Major and minor element concentrations were determined first at 10 nA, followed by determination of F, Cl, and S concentrations in the same analysis spot location using a 50 nA beam current and extended counting times to improve analytical precision. To ensure robust matrix corrections, X-ray intensity data from both passes (i.e. major and minor elements, and F, Cl, and S) were combined into a single analysis and processed together. Minor Na migration (e.g. Nielsen & Sigurdsson, 1981) observed in the hydrous glasses was corrected using the time-dependent intensity corrections of Donovan et al. (2007) . For calibration, natural and synthetic standards were used: albite (Si, Na), orthoclase (Al), hornblende (Ti), basaltic glass (Fe), diopside (Ca), olivine (Mg), spessartine (Mn), MgF 2 (F), KCl (K, Cl), and anhydrite (S). Given the peak shift associated with different S speciation states in silicate glasses (e.g. Wallace & Carmichael, 1994; Jugo et al., 2005) , and the predominantly oxidizing conditions at which these experiments were run, anhydrite (with sulfur in the oxidized S 6þ state) was selected in preference to a reduced sulfide mineral standard. All Fe concentrations are reported as total FeO and discussed as such, with Fe 2þ and Fe 3þ calculated based on charge balance for amphibole (using the model of Ridolfi et al., 2010) and clinopyroxene. The typical detection limits for these oxides expressed in ppm were calculated using the model of Donovan et al. (2007) 
Chloridometer analysis
The chloride contents of the capsule soak solutions were measured using a Labconco Digital Chloridometer. The instrument reports the measured milliequivalents of chloride per litre ), which can be converted to mg l -1 or weight per cent Cl to define the chlorinity of the fluid phase coexisting in equilibrium with the rhyodacitic melt and crystals. Based on multiple analyses of a standard NaCl solution containing 3Á5 wt % Cl -, the chloridometer achieves a 1r relative precision of $2Á5%. A 10 ll aliquot is extracted from the capsule soak solution to be analysed using the chloridometer, and the aliquot is combined with acetic acid for analysis. The dilution factor, following the soaking process, was taken into account. Blanks were run before and after each analytical session and background signal corrected.
Fourier transform IR spectroscopy
Analyses of 18 run product glasses to determine the concentrations of hydroxyl ion, molecular H 2 O, molecular CO 2 , and molecular CO Measurements were conducted using a Nicolet Nexus 670 FTIR spectrometer in transmittance mode, attached to a Continuum IR microscope, and N 2 gas was passed through the instrument during data collection. Infrared spectral data were collected both in the mid-IR (450-4000 cm -1 ) and the higher-energy near-IR (up to 8500 cm -1 ) regions using a KBr beam splitter, an MCT/A detector, and a Globar source. Background signal was collected prior to each analysis and subtracted from the sample measurement. Glass densities were calculated after Luhr (2001) using the Gladstone-Dale rule (Gladstone & Dale, 1864; Silver et al., 1990) and EPMA data. The extinction coefficients for dacitic glasses of Yamashita et al. (1997) 
RESULTS
Run product phase stability and crystallinity
All of the 24 run products contain residual glass and FeTi oxides, in varying proportions. Based on semiquantitative energy-dispersive spectrometry analysis, these Fe-Ti oxide phases are a mixture of both magnetite and ilmenite, but no full chemical quantification was undertaken for the oxides crystallized in each run product. Where 'Fe-Ti oxides' as a separate phase are discussed further in the text, they should be considered as a mixture of these two minerals, and no direct f O 2 constraints are implied based on their relative abundances and compositions. Plagioclase, amphibole, and clinopyroxene, along with a single apatite crystal in one run product, are the other phases that variably crystallized in these experiments (Fig. 1) . ImageJ thresholding and area particle analysis shows that run product crystallinities range from $5 to $25 vol. %, and vesicle abundance averages $5 vol. % (Table 2) .
Most amphibole and clinopyroxene crystals are euhedral and randomly oriented, and show good basal cross-sections when intersected at the polished surface (Fig. 1) . Plagioclase crystals show more elongate, platy aspect ratios and are often several hundred micrometres long and 100 lm wide. Some larger plagioclase crystals show evidence of skeletal growth, but microanalysis reveals limited, if any, chemical zonation, and glass patches within these skeletal crystals are compositionally identical to the rest of the groundmass glass, suggesting that equilibrium is maintained.
Constraining the full phase equilibria of this Mt Usu rhyodacite was beyond the scope of this investigation, and they were investigated for similar eruptive products from Mt Usu in previous studies (see Tomiya et al., 2010) . Tomiya et al. (2010) did not crystallize amphibole below $2 kbar in their experiments on a low-K rhyolitic pumice, and clinopyroxene was not stable in any run, probably owing to lower CaO in the starting powdered sample ($2 wt % compared with >3Á5 wt % in this Mt Usu sample). The experimental conditions in this investigation were specifically selected to allow crystallization of amphibole and plagioclase (6 clinopyroxene), and the experimental phase relations and stability regions broadly overlap with those from other studies of hydrous dacite-rhyolite melt compositions crystallized at these temperature, pressure, and f O 2 conditions (e.g. Cottrell et al., 1999; Venezky & Rutherford, 1999; Browne et al., 2010) . In our experiments it can be seen that plagioclase has a wide stability field across the conditions investigated, but was not identified in eight run products. Based on our dataset, there appears to be no systematic experimental or compositional control on the absence of plagioclase. Similarly, the majority of experimental conditions were suitable for the crystallization of amphibole, with the exception of two lower pressure runs (1Á5 kbar), and a lower f O 2 (NNO -0Á5) run with high Cl contents in the starting fluid (>16 wt %). The addition of 0Á58 wt % F to the melt of one 1Á5 kbar run (1-14-04C) appears to have stabilized amphibole outside its normal stability region, as evidenced by its absence from the other two runs at these conditions. Clinopyroxene was stable in seven experiments-in three of these it was present as the only mafic phase, and in the others it was closely associated with amphibole (e.g. Fig. 1d ).
Glass compositions
All run product glasses (Supplementary Data Electronic Appendix 2) are homogeneous based on multiple analyses (most glasses were analysed at least 10 times) across several different glass chips from the same experiment, with major elements consistently showing relative standard deviations of <5%. When plotted on an anhydrous basis on the total alkali-silica (TAS) classification, the run product glasses are predominantly rhyolitic, but span the dacite-rhyolite join (69Á8-77Á7 wt % SiO 2 and 5Á52-6Á29 wt % Na 2 O þ K 2 O) (Fig. 2a) . The glasses show negative correlations between SiO 2 vs Al 2 O 3 and SiO 2 vs CaO (Fig. 2b) . MnO concentrations vary minimally, averaging 0Á16 6 0Á04 wt %, but MgO ranges from 0Á30 to 0Á88 wt %. Neither MgO nor MnO shows a correlation with changing SiO 2 .
The behaviour of FeO is complex, and shows the largest variability apart from SiO 2 and the halogens. FeO is greatly influenced by the f O 2 conditions imposed on the experiment, and the control this has on oxide stability. For example, when the experimentally controlled f O 2 values are lower than the intrinsic $NNO þ2Á0 of the IHPV, total FeO contents are higher, owing to the suppression of Fe-Ti oxide crystallization. FeO concentrations in glasses from lower f O 2 experiments (where f O 2 NNO þ1) average 2Á30 6 0Á34 wt %, whereas those crystallized at ambient f O 2 conditions average 1Á15 6 0Á17 wt % (Fig. 2c) . The exception to this is experiment 1-14-05, which crystallized at higher f O 2 conditions but shows a relatively elevated FeO of 1Á92 wt % and an almost complete absence of Fe-Ti oxides. A corollary of the variable oxide stability is that the concentrations of TiO 2 in the residual glasses are also affected. Lower f O 2 experiments show average TiO 2 concentrations of 0Á28 6 0Á05 wt %, compared with 0Á17 6 0Á04 wt % for higher f O 2 experiments. It is also relevant to note that although Fe loss to the capsule walls was not directly constrained, this issue is likely to be negligible at these experimental conditions and in these precious metal capsule alloys (e.g. Brugier et al., 2015) .
The total volatile contents of the glasses are variable, depending on the concentrations in the initial materials added to the capsule and the compositions of the coexisting fluid phase(s). Chlorine ranges from natural levels (in the raw Usu rhyodacite) of $130 ppm to a maximum of 0Á72 wt %, whereas F ranges from natural background concentrations of $110 ppm (close to, or below, detection limit of the EPMA) to 0Á63 wt %. Sulfur contents of the run product glasses are generally low, averaging 100-300 ppm SO 3 . In runs where S was added to the capsule, these concentrations are slightly, but not systematically, elevated, reaching a maximum of $460 ppm SO 3 . An important observation is the strong positive correlation between increasing melt FeO and increasing melt Cl, for the experiments where Cl was added to the starting charges (Fig. 2c ). In the four experiments with the highest Cl contents (ranging from 0Á58 to 0Á72 wt %) this factor in particular appears to have almost completely suppressed Fe-Ti oxide formation. All four experiments (1-14-04B, 1-14-05, 1-15-19B, and 1-16-02) crystallized only traces of Fe-Ti oxides compared with other experiments with lower Cl contents. Based on the difference between the measured analytical totals and 100% [i.e. the 'by difference' method of Devine et al. (1995) ], all glasses contain >5 wt %, and average 6Á97 6 0Á82 wt % H 2 O. The FTIR data show good agreement with the 'by difference' method, with most data within 1r of the EPMA-determined concentrations (Supplementary Data Electronic Appendix 2). Carbon dioxide concentrations range from <5 to >60 ppm in the glasses that were not CO 2 -doped, whereas the concentration measured in one experiment with CO 2 added to the starting volatile phase was 307 6 30 ppm.
The molar Na 2 O/(Na 2 O+K 2 O) ratios of the run product glasses are tightly clustered around 0Á87 6 0Á01, whereas the aluminosities [i.e. molar Al 2 O 3 /(Na 2 O+K 2 O+CaO)] range from 0Á89 to 1Á08. The alkalinity of the run product glass is a strong function of the total F concentration (given F was added as CaF 2 ), with higher F experiments trending towards peralkaline compositions (i.e. aluminosity <1) compared with peraluminous glasses (i.e. aluminosity >1) with lower F concentrations.
Final fluid compositions
Direct chloridometer determinations show that the final fluid compositions range from 1Á12 to 7Á99 wt % total Cl - (Table 2) 
Amphibole compositions
A total of 179 amphibole analyses are reported from crystals across 21 amphibole-bearing run products (Supplementary Data Electronic Appendix 3). Some crystals were sufficiently large to allow multiple or transect analyses (e.g. Fig. 1a ), whereas others allowed only a single analysis point. Most amphiboles are 50-100 lm in length and $50 lm in width when intersected at the polished surface. Amphibole formulae are calculated on the basis of 15 cations, with Fe 3þ calculated stoichiometrically and assigned to the octahedral site. The endmember naming convention follows the scheme of Leake et al. (1997) .
The amphibole are mostly unzoned and internally homogeneous, spanning the magnesiohornblende and tschermakite subdivisions for calcic amphibole, with [Mg/(Mg þ Fe TOT )] (Mg#) ratios ranging from 0Á55 to 0Á86 and Si a.p.f.u. from 6Á98 to 6Á24. CaO contents vary little, and range from 10Á43 to 12Á76 wt %. Molar Si/ Al TOT correlates positively with [Mg/(Mg þ Fe TOT )] and weakly negatively with A-site occupancy by (Na þ K) a.p.f.u. with distinct clusters of data ( Fig. 3a and b) .
Halogen contents of the amphibole vary significantly, and as a function of the concentrations added to the starting experiments. Chlorine contents are higher from Cl-bearing experiments, and average $700 ppm, compared with 100 ppm (i.e. below detection limit) for most of the amphibole grown in Cl-free experiments. Fluorine concentrations average $0Á13 wt % across both Cl-bearing and Cl-free experiments, whereas amphiboles from F-bearing experiments show much higher contents, reaching a maximum of 2Á59 wt % F (Fig. 3c ). There is also a positive correlation between F and total alkali contents of the amphiboles, with those from F-free experiments averaging 1Á70 wt % Na 2 O and 0Á14 wt % K 2 O, respectively, and those from F-bearing experiments averaging 2Á13 wt % Na 2 O and 0Á19 wt % K 2 O. The compositions of the experimental amphibole are also consistent with the Mg-Cl and Fe-F crystallographic avoidance principles (e.g. Morrison, 1991) , but this is complicated by the oxygen fugacity of the experiments and its effect on the Fe 2þ /Fe 3þ of the amphibole (see Discussion for further details). Sulfur concentrations were below the detection limit for all amphiboles analysed.
The amphibole FeO content is strongly affected by experimental f O 2 conditions, with lower f O 2 amphibole (where f O 2 NNO þ1) averaging 12Á86 6 0Á88 wt % FeO, compared with 8Á77 6 1Á15 wt % FeO for amphibole crystallized in higher f O 2 conditions (where f O 2 > NNO þ1), consistent with greater melt FeO concentrations in these experiments (Fig. 3d) . The Al 2 O 3 contents of the amphibole are varied, and range from 6Á25 to 11Á81 wt %, although there is no strong correlation between Al 2 O 3 content and the experimental pressure. MnO ranges from 0Á26 to 1Á01 wt %, and TiO 2 from 0Á42 to 1Á92 wt%.
A small population of amphiboles, especially larger crystals grown in the CO 2 -bearing experiments 1-16-23A and -23B, show core-rim increases in FeO and Al 2 O 3 and corresponding decreases in SiO 2 and MgO, with sharp compositional boundaries visible in backscattered electron (BSE) images. In one specific amphibole, the FeO concentration increases from 11Á07 to 16Á39 wt % and Al 2 O 3 from 8Á63 to 11Á81 wt %, whereas SiO 2 decreases from 48Á11 to 43Á17 wt % and MgO from 15Á96 to 11Á09 wt %. This change is consistent with a combination of the Fe 2þ Mg -1 and Al 2 Mg -1 Si -1 (Tschermak's) exchange components and is probably in response to a decrease in the fO 2 of the experiment as CO 2 dissolves in the melt, until the final reported fO 2 is reached from initially more oxidizing conditions. For these crystals, compositions of the amphibole rims in contact with the glasses are reported (Supplementary Data Electronic Appendix 3).
Plagioclase compositions
A total of 119 plagioclase spot analyses are reported from crystals across 16 run products (Supplementary Data Electronic Appendix 4). Plagioclase formulae were calculated on the basis of five cations, assuming all Fe In (c) the break in the y-axis scale, with the grey box highlighting an expanded portion of the data from non-F-doped experiments, should be noted. In (d) and for all following figures, the colour of the point denotes the f O 2 conditions of that experiment (black vs white) whereas the shape (circle vs square vs diamond) denotes the presence or absence of F or Cl in the experiment, unless otherwise specified in the legend. (d) shows average amphibole FeO concentrations as a function of the melt FeO in that experiment, and in turn the pronounced effect of f O 2 has on this variation. It should be noted also that the addition of F to the melt leads to amphibole with relatively less FeO than would be expected for those melt FeO concentrations. Colour figures available online.
to be divalent. Similar to the amphibole, some crystals were sufficiently large for multiple analyses (e.g. Fig. 1a) ; however, many allow only a single spot analysis. In general, the plagioclase grains are euhedral and often larger than the amphiboles, growing up to hundreds of micrometres in length and width, and despite evidence of skeletal growth, where identifiable, less than a 5% variability in the mole per cent of the anorthite end-member component (X An ) is seen between core and rim analyses in the largest crystals. The X An of plagioclase crystals ranges from An 59 to An 39 , classified as labradorite or andesine (Fig. 4a) .
Although there is some scatter, MgO concentrations show a largely positive correlation with increasing anorthite component, and no correlation with experimental f O 2 (Fig. 4a) . TiO 2 and MnO are both below the detection limit of the EPMA. Plagioclase FeO contents are variable, and range from 0Á88 to 0Á18 wt %, depending on the melt FeO and hence the f O 2 of the experiment. K 2 O and MgO concentrations are generally low, averaging $800 ppm and $350 ppm, respectively.
Clinopyroxene compositions
A total of nine experiments crystallized clinopyroxene, with several crystals large enough for multiple spots to be analysed, giving a total of 29 analyses (Supplementary Data Electronic Appendix 5). The crystals are generally 50-200 lm in length and $50-75 lm in width. The clinopyroxene are mostly euhedral, and although some slight internal chemical zonation between cores and rims is visible in BSE imaging, there is a less than a 3% variability in the mole per cent of the wollastonite end-member component (X Wo ) in EPMA transects taken across the length of the largest crystals.
There is a generally limited range in the X Wo across all crystals, from Wo 49 to Wo 30 , with the majority of clinopyroxene >Wo 40 , as shown on an enlarged section of the pyroxene quadrilateral with all analysis points (Fig. 5a ). All clinopyroxene crystals contain a significant enstatite component, and are Mg-rich, giving Mg# values of 0Á86-0Á69. However, as with the amphibole and plagioclase, the FeO concentrations are a function of the melt FeO and hence f O 2 of the experiment, with higher FeO (and Fe 2þ a.p.f.u. by stoichiometry) in clinopyroxene from experiments where f O 2 < NNO þ1 (Fig. 5b) . The Al 2 O 3 concentrations range from $3 to >6 wt %, MnO from 0Á4 to 1Á5 wt %, and Na 2 O contents from $0Á2 to $0Á7 wt %. Titanium, Al, and Na a.p.f.u. correlate positively, as do Si and Mg. The K 2 O contents are below $200 ppm (EPMA detection limit) for all clinopyroxene analysed. The two samples of clinopyroxene from the lowest pressure runs (1-14-04A and 1-14-04B at 1Á5 kbar) show greater than double the MnO contents, but generally half of the TiO 2 and Na 2 O contents when compared with the runs at >2 kbar, and are more Mgrich (Fig. 5a ).
Mineral-melt partition coefficients
In the following sections, we present and discuss our new data for mineral-melt partitioning of major, minor, and halogen components in the three main phenocryst phases analysed. However, elements that form an integral part of the structural formulae of these phenocrysts (e.g. Mg and Ca in amphibole, or Al and Ca in plagioclase) should not be thought of as conforming to simple Nerst-like partitioning behaviour. These major components are better modelled and interpreted as undergoing coupled exchange reactions between the melt and crystallizing phases [as is often done for the fluid-melt partitioning of volatile species; e.g. Zajacz et al. (2012) and references therein], which are in turn a complex function of temperature, pressure, and f O 2 conditions, and the bulk mineral and melt compositions. Therefore, these new data do not provide a simple and/or invariant partition coefficient that fully describes each mineralmelt system and that can be extrapolated beyond the conditions of these experiments. However, through comparison of these data with melt compositional parameters and through integration with literature data for similarly evolved melts and coexisting crystals, a better understanding of the largest physicochemical influences on phenocryst chemistry can be obtained. D mineral/melt values for SiO 2 , MnO, MgO, CaO, and Na 2 O show relatively consistent partitioning behaviour with limited ranges for all three mineral phases in this rhyodacite (Table 3 ; Fig. 6 ). Conversely, TiO 2 , Al 2 O 3 , FeO, K 2 O, Cl, and F show larger variability. MgO is the most compatible element in amphibole and clinopyroxene, and one of the least compatible in plagioclase. As a first-order observation, there is no apparent systematic change in the major element partitioning behaviour for any of the three phases investigated as a function of varying temperature. Given that the temperature range of the experiments was relatively restricted, it is likely any temperature-dependent effects are small, and obscured by other parameters, such as melt structure. Similarly, although the pressure-dependent incorporation of Al into amphibole is well known (e.g. Putirka, 2016 , and references therein) there is no strong correlation between amphibole D Al2O3 amph=melt and experimental pressure. However, there are crystallographic constraints on the incorporation of Al and Fe as a function of fO 2 conditions and Fe-F avoidance, as discussed in the following sections, which may therefore obscure this trend.
Experimental f O 2 and the behaviour of Fe
The range in the experimental f O 2 conditions in these experiments is strongly reflected in the behaviour of Fe in the glasses and phenocryst phases, and the effect is also phase dependent. Importantly for further discussion of the crystal-melt partitioning of Fe, it should be noted that the abundance and proportions of Fe-Ti 
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oxide minerals, as a direct result of the f O 2 variations documented above, will affect the melt chemistry through changes in the availability of ferric and ferrous iron to the other crystallizing phases. Therefore, a complex feedback exists between changing f O 2 , suppression or promotion of oxide crystallization and its effect on melt Fe contents, and thus the calculated D (Fig. 4b) . Similarly to plagioclase, the overall average D FeO cpx/melt values are lower in experiments with f O 2 < NNO þ1Á0 compared with more oxidizing ones (>NNO þ1Á0), along with an apparent effect of increasing pressure, but, similarly to the amphibole, this is despite the clinopyroxene having greater Fe TOT a.p.f.u. in lower f O 2 experiments (Fig. 5b) 
Halogen partitioning into amphibole
Across all amphibole analyses, D amph=melt Cl ranges from 0Á04 to 0Á40, and averages 0Á16 6 0Á07 (Fig. 6 ). Chlorine partitioning is most strongly related to the amphibole Mg/(Mg þ Fe TOT ) ratio (Fig. 8a) , and amphibole Si contents (Fig. 8b) . When RTlnD amph=melt Cl is plotted versus the Mg/(Mg þ Fe TOT ) ratio of the amphibole (Fig. 8a) , where R is the gas constant and T is the experimental temperature in Kelvin, there are two distinct clusters of data, for experiments with f O 2 > NNO þ1Á0 and those with f O 2 < NNO þ1Á0. However, both clusters show decreasing partition coefficients for Cl as a function of increasing amphibole Mg contents, consistent with the Mg-Cl crystallographic avoidance principle. Addition of Cl to the melt has no apparent systematic effect on the absolute D amph=melt Cl ; that is, Henrian partitioning behaviour is maintained with >0Á50 wt % Cl in the melt. Importantly, in the three experiments that were doped with both halogens, it also can be seen how F incorporation affects Cl partition coefficients. There is a clear decrease in the D amph=melt Cl value as a function of increased F in the amphibole and melt, with these experiments showing much lower lnD amph=melt Cl values than would be expected from other comparable amphibole with similar Mg/(Mg þ Fe TOT ) ratios (Fig. 8a) .
Values of D F amph/melt can be calculated for all experiments where F concentrations in the melt were above 110 ppm, the limit of detection for EPMA measurements. Across all amphibole analyses, D F amph/melt ranges from 2Á24 to 19Á33, and averages 7Á05 6 4Á35 (Fig. 6 ). There is a non-linear decrease in the D F amph/melt as the melt F increases, but F is still strongly compatible at all melt concentrations (Fig. 9a) . Amphiboles crystallized from melts with F concentrations below the detection limit still contain a minimum of $700 ppm F, and average $1500 ppm (Fig. 3c) , giving potential maximum D F amph/melt values of !20. At higher melt F contents, the partition coefficients decrease to <5, as the amphiboles incorporate up to 2Á5 wt % F (Fig. 9a and b) . It can also be noted that amphibole from experiments with f O 2 < NNO þ1Á0 (and hence also those with higher Fe contents) show marginally lower D F amph/melt values, as a function of the Fe-F avoidance principle (Fig. 9a) . Furthermore, in these experimental amphiboles, F incorporation is also related to changes in D TiO2 amph=melt , with higher absolute F contents ) also reflected in lower TiO 2 contents (Fig. 9b) . In summary, F is at least an order of magnitude more compatible in Higher Fe amphiboles from lower f O 2 experiments (where f O 2 < NNO þ1) in (a) show relatively increased Cl partition coefficients, and are consistent with the Mg-Cl relationships seen in other experimental datasets, whereas expansion of the octahedral sheet and [4] Al substitution for Si owing to Cl incorporation is responsible for the trend in (b). It should be noted also in both figures that the addition of F to the melt and amphibole leads to lower Cl partition coefficients owing to increased competition in the amphibole structure.
amphibole than Cl for all experiments and all run conditions.
DISCUSSION
Comparison with published partitioning data Amphibole: major elements Sato et al. (2005) reported experimental partitioning data for amphibole grown in Mt Unzen dacitic melts at 800-850 C, 2-3 kbar, and f O 2 % NNO; that is, at very similar conditions and chemical compositions to our amphibole, although their starting glasses were up to 1 wt % richer in FeO, MgO, CaO, and K 2 O, and $1 wt % poorer in Na 2 O. Matjuschkin et al. (2016) reported amphibole-melt and plagioclase-melt experimental work at 850-950 C, higher pressures of 10-15 kbar, a range of f O 2 from CoCoO to magnetite-haematite (M-H), and where the experiments were buffered by mixed C-O-H-S fluids in equilibrium with trachydacite melts. Another recent study by Nandedkar et al. (2016) also provides experimental data for three amphibole-melt partitioning experiments specifically with dacitic-rhyodacitic residual liquids, which can be directly compared with our data. The experiments of Nandedkar et al. (2016) were conducted at higher pressures of 7 kbar, but at similar temperatures (830-890 C) and f O 2 close to, or slightly above, NNO. The three run product glasses are more peraluminous, ranging from molar Al/(Na þ K þ Ca) of 1Á10 to 1Á20, and have lower molar Na/(Na þ K) ratios ranging from 0Á76 to 0Á72, compared with our run product glasses (Table 4 ). Figure 10a and b illustrates comparisons between lnD amph/melt values for our data and those of the aforementioned investigations. In general, despite the varied temperature, pressure, f O 2 conditions and fluid compositions, and differences in residual glass chemistries, there is excellent agreement between the compositions of the amphibole crystallized in all four investigations. In particular, all major-element data from Sato et al. (2005) are almost identical to our data in both the range and average for each oxide component (Table 4) . It is important to note that the average D Al2O3 amph=melt is greater in the Matjuschkin et al. (2016) and Nandedkar et al. (2016) studies, which is consistent with the greater experimental pressures and the pressure dependence of Al partitioning. However, in general, the partitioning relationships and their co-variations are remarkably consistent across all of the experimental data ( Fig. 10a and b) . The incorporation of Mg correlates positively with increasing molar melt Al/(Na þ K þ Ca) and polymerization (i.e. increasing ASI), and the addition of F clearly increases the lnD amph=melt MgO value (Fig. 10a) . Furthermore, across a broad range in lnD amph/melt values the partitioning of FeO and TiO 2 also correlates positively (Fig. 10b) , with the addition of F generally decreasing the lnD amph=melt FeO values, which is consistent with the F-Ti trend described above (Fig. 9b) .
Amphibole: halogens
Whereas relatively F-rich amphibole and melts (i.e. >0Á5 wt % F) are commonly reported for evolved erupted rocks, and their plutonic equivalents often associated with magmatic-hydrothermal mineralization and metasomatic alteration (e.g. Balcone-Boissard et al., 2010; Zhang et al., 2012; Chambefort et al., 2013; Iveson et al., 2016) , there are few, if any, experimental partitioning data for the incorporation of F into calcic amphibole in equilibrium with dacitic melts, although data for Cl are more abundant. Some recent work by Van den Bleeken & Koga (2015) obtained a small range in D amph=melt F values of 1Á18-1Á85 for magnesiohastingsites of a similar major element composition to the ones in this study. Their experiments were conducted at 750-900 C, >15 kbar, and fO 2 % NNO, in 'altered oceanic crust' melts roughly equivalent to trachyandesite compositions (with ASI ¼ 0Á91) containing $0Á5 wt % F. Those researchers conducted a values from 0Á079 to 0Á625, with their values for the most oxidizing experiments (rhenium-rhenium oxide) averaging $0Á14, which are broadly consistent with our amphibolemelt Cl partition coefficients. Furthermore, consistent with the observations in our study, Scaillet & Macdonald (2003) reported that the partitioning of F between amphibole and comenditic melt at $700 C, 1Á5 kbar, and reducing conditions of fO 2 % NNO -0Á1 to -3Á2 decreased from $2Á7 to $1 as the F content of the amphibole increased from 2 to >3 wt %. The amphiboles in that study were significantly different in composition (i.e. sodic and Fe-rich ferro-richterite end-members) but the amphibole F contents increased almost linearly over the range in melt F contents investigated. Further recent data from Bé nard et al. with our data; D Cl amph/melt decreases with increasing Mg/(Mg þ Fe TOT ) values (Fig. 8a) . The data from both Sato et al. (2005) and Matjuschkin et al. (2016) extend to lower amphibole Mg/(Mg þ Fe TOT ) values than ours, and tentative extrapolation of the trend suggests that amphibole-melt Cl partition coefficients could approach unity in Fe-rich amphibole grown at very low f O 2 conditions in rhyodacitic melts. This observation has important implications for the Cl contents of the magma available to partition into fluid phase(s) during subsequent fluid exsolution (e.g. Webster, 1997 Webster, , 2004 .
The negative correlation between lnD Cl amph/melt and lnD SiO2 amph=melt in our amphibole (Fig. 8b) and those in literature studies is consistent with previous structural analyses of amphibole (e.g. Oberti et al., 1993) , which showed that the expansion of the octahedral sheet owing to Cl incorporation is accommodated by [4] Al substitution for Si. This accommodation is in addition to other mechanisms, such as Fe 2þ substitution for Mg, and hence the trend for increasing Mg versus lower Cl partitioning (Fig. 8a) . In general, the greater compatibility of F over Cl is likely to largely be attributable to its smaller ionic radius (OH -¼ 0Á132-0Á137 nm; F -¼ 0Á133 nm; Cl -¼ 0Á181 nm), requiring greater deformation of neighbouring lattice sites to accommodate Cl relative to F. This explains why the experimental amphiboles doped with both halogens in our study show lower D Cl amph/melt values than would be expected at a fixed Mg#, as a result of increased F competition. The decrease in D Cl amph/melt with increasing melt F (and hence amphibole F) contents may also be a result of increased Cl solubility in aluminosilicate melts owing to increasing melt F, as discussed by Webster (1997) .
The well-defined trends observed between increasing absolute amphibole F contents and decreasing amphibole Fe and Ti contents (Figs 9a, b and 10b) illustrate the complex crystallographic substitution and partitioning relationships that exist between major and trace components in the amphibole structure. With maximum F concentrations of >2Á5 wt % F in some of these experimental amphibole, F is expected to no longer behave as a simple trace component, and further work is required to accurately model its strongly compatible incorporation in calcic amphiboles crystallizing from hydrous evolved liquids, such as those found in arc settings. The other discrepancies between our new partition coefficients for both halogens and those reported from other experimental and natural samples suggest that F and Cl incorporation is likely to be a function of the prevailing f O 2 conditions, its subsequent effect on Mg/(Mg þ Fe TOT ) ratio of the amphibole, and absolute melt halogen contents. However, given the consistency in the lnD Cl amph/melt values across the three datasets (Fig. 8a) , it is likely that temperature and pressure have a minor effect, although the Mg# of amphibole has been shown to increase with decreasing temperature at 7 kbar (e.g. Nandedkar et al., 2016) . Because we added CaF 2 as the F source to these experiments, and owing to the scarcity of other relevant data, the effect of melt polymerization and melt alkali-alumina ratio on F partitioning also cannot be separated from other crystallographic controls on the amphibole composition. Whereas Cl has relatively consistent partition coefficients across a large range of experimental conditions for a given amphibole composition, F is much more variable but is generally strongly compatible, despite other evidence discussed here to suggest that F shows some incompatible behaviour in certain amphibole-melt systems.
Another important observation to note is the apparently stabilizing effect of F on amphibole in these experiments. The absence of amphibole in run products of two low-pressure experiments (at 1Á5 kbar), combined with the presence of amphibole in another 1Á5 kbar run where F was added, suggests that amphibole may not have otherwise been stable at those temperature and pressure conditions. This potential stabilization has been described elsewhere; for example, by Rutherford (2008) and Rutherford & Devine (2008) in Mt St Helens amphibole from the 2004-2006 dacite, where shallow crystallization outside the OHbearing amphibole stability field was facilitated by high local F contents during ascent and degassing in the conduit. Outer rims of some of these amphibole contained >7000 ppm F, and the researchers speculated that slow magma ascent led to increases in F and SiO 2 activity in the melt, and showed that F-and Si-rich amphibole could be stabilized at pressures as low as 50 MPa in the Mt St Helens dacitic magma at 860 C. Therefore, although no data exist for melt F contents to allow calculation of the apparent D F amph/melt values for the F-enriched rims, any variation in the partition coefficient outside the equilibrium values expected from the major element controls shown here is probably due to rapid disequilibrium crystallization during eruption.
Plagioclase and clinopyroxene: major elements
Plagioclase-melt partitioning data from Costa et al. (2004) , Holtz et al. (2005) , and Matjuschkin et al. (2016) allow for useful comparisons with our data across a similar range in conditions and melt compositions (Table 4 ). The data from Costa et al. (2004) and Holtz et al. (2005) have been filtered to include only glasses where measured or calculated final water concentrations are !6Á0 wt %, consistent with the water-saturated melts in our experiments. Generally, the plagioclase grown in the trachydacite melts of Matjuschkin et al. (2016) are identical to those data of Matjuschkin et al. (2016) , suggesting that this difference in melt composition has a limited effect on this behaviour. The average X An $51 6 8 in the experimental plagioclase of Costa et al. (2004) is also very similar to the average of X An $47 6 4 in our experiments. It is noteworthy, therefore, that the addition of up to 1 wt % S to the starting fluids in the experimental charges has little impact on the X An in our runs. Costa et al. (2004) showed an increase in the D FeO plag/melt value from 0Á31 6 0Á06 to 0Á69 6 0Á16 at increasing f O 2 from %NNO þ0Á5 to !NNO þ3, and D FeO plag/melt values from Matjuschkin et al. (2016) increase from 0Á13 6 0Á02 to 0Á24 6 0Á03 with increasing f O 2 from $NNO to magnetite-haematite. These two datasets are consistent with the plagioclase data in this study (Fig. 4b) . This common trend of increasing D FeO plag/melt with increasing experimental f O 2 suggests that Fe 3þ is the dominant species of Fe in plagioclase. Data from Lundgaard & Tegner (2004) support this hypothesis, and showed the partitioning of FeO and Fe 2 O 3 into plagioclase across a range of magma chemistries to be independent of both f O 2 and the plagioclase composition. They also showed that D FeO plag/melt is not a function of the amount of Al in plagioclase, and that Fe 3þ incorporation was $20 times greater than that of Fe 2þ . Lundgaard & Tegner (2004) found that the SiO 2 content of the magma exerts a first-order control on FeO and Fe 2 O 3 partitioning between plagioclase and melt, and this trend is well developed across the range in melt compositions for the data in Fig. 10c . It can thus be summarized that the decrease in D FeO plag/melt with decreasing f O 2 seen across all the experimental datasets probably reflects the change in the overall proportions of FeO and Fe 2 O 3 in the melt, as opposed to changes in the absolute partition coefficient itself, as well as the influence of first-order controls by melt SiO 2 concentrations. Two experimental datasets reported by Prouteau & Scaillet (2003) and Andú jar et al. (2016) contain clinopyroxene-melt partitioning data for rhyodacitic melts from 890 to 1000 C, from 1Á0 to 9Á8 kbar, and f O 2 from NNO -1 to þ3Á4 (Table 4) . A strong positive correlation between D Al2O3 cpx=melt and D SiO2 cpx=melt can be seen in the three datasets (Fig. 10d) , and is consistent with the coupled substitution of TiAl 2 ! MgSi 2 (e.g. Fig. 7) , which is generally favoured at higher experimental pressures and higher f O 2 . The generally more reducing conditions of the Andú jar et al.
give average clinopyroxene compositions with a greater ferrosilite component and lower Mg (X Fs % 22, Mg# % 65), compared with the more oxidizing conditions of Prouteau & Scaillet (2003) (f O 2 > NNO þ2Á2) and this study (X Fs % 13, Mg# % 76; and X Fs % 16, Mg# % 70, respectively). However, all of the three experimental sets of clinopyroxene crystals are calcic, with a large wollastonite component, and calculation of D cpx/melt values for the oxide components shows that they broadly agree, when accounting for differing melt compositions and temperature, pressure, and f O 2 conditions.
Fluid-melt: halogens, sulfur, and carbon dioxide
With the exception of five experiments, all capsules contained fluid:melt ratios of <10% by mass, and thus the total mass of coexisting volatile phase at the individual run conditions was probably small. Water concentrations in the quenched glasses, by difference, are broadly consistent with solubility models for crystalfree dacitic compositions (e.g. Botcharnikov et al., 2005 , and references therein), showing $6 wt % solubility at 2Á0 kbar and 1250 C. The CO 2 concentration measured in the CO 2 -doped experiment (1-16-23A) by FTIR is largely consistent with the solubility model of Newman & Lowenstern (2002) for rhyolitic melts in equilibrium with mixed H 2 O-CO 2 fluids. At run conditions, the model predicts a CO 2 solubility of 341 ppm in the melt, with 11Á2 mol % CO 2 present in the volatile phase, generally in agreement with the starting fluid composition of approximately 16 mol % CO 2 .
Using the model of Webster et al. (2015) for this Usu rhyodacite composition when hydrated with 6 wt % H 2 O at 850 C and at 2Á5 kbar, the theoretical maximum Cl concentration in the crystal-free melt is $1Á20 wt % when coexisting with a hydrosaline liquid 6 vapour. Based on the measured Cl contents of the glasses, these melts have not reached the modelled maximum Cl concentration for the measured melt compositions. Given the relatively high concentrations of Cl in the starting fluids (up to $14 wt %) (Table 2) , the experimental temperature-pressure conditions, and assuming that the fluid phase relations can be approximated by those of the NaCl-H 2 O system, it is likely that these crystallizing melts coexisted with a single-phase Cl-rich fluid at supersolvus conditions, as the critical point in the H 2 O-NaCl system occurs between $1Á0 and 1Á4 kbar at 600-800 C (Pitzer & Pabalan, 1986) . Therefore, the calculated D Cl fluid/melt values (ranging from $4 to 22; Fig. 11 ) agree with previously published D Cl fluid/melt data for dacitic and rhyodacitic melts, in particular the results of Botcharnikov et al. (2004) and Webster et al. (2009) . These studies reported D Cl fluid/melt ranging from $2 to 16 6 6 for similar experimental conditions and bulk halogen contents. Although some scatter exists, our data suggest that in these three-phase experiments (i.e. melt þ crystals þ volatile phase), the partitioning of Cl into the volatile phase is partially dependent on the aluminosity of the melt (Fig. 11a) Kilinc et al., 1983) . Work by Bell & Webster (2015) suggested that a greater proportion of Cl could be accommodated in more reduced melts through complexation with the greater abundances of Fe 2þ , and hence D Cl fluid/melt values should decrease, as we broadly observe (Fig. 11a) . Similarly, the increased melt Cl solubility with increasing melt F (Webster, 1997) is also consistent with the Cl-and F-doped experiment in our study showing the lowest calculated D Cl fluid/melt value ( Fig. 11a ), but separating this control from the effect of melt aluminosity is not possible from this dataset. The correlation between increasing fluid-melt Cl partitioning and concurrent decreases in amphibole-melt partitioning of Cl (Fig. 11b) illustrates that the aforementioned melt compositional controls on Cl solubility affect both volatile and crystal phases. The data suggest that under fluid-saturated conditions, Cl more strongly partitions into a coexisting volatile phase, rather than being incorporated into the crystallizing amphibole, when melt Cl solubility is reduced through changes in Fe 2þ abundance (i.e. increasing f O 2 ). Again, the effect of F on both D Cl fluid/melt and D Cl amph/melt values is apparent, leading to strong reductions in amphibole-melt partitioning, and modest reductions in fluid-melt partitioning, when the increased melt Cl solubility resulting from the lower f O 2 conditions is also considered (Fig. 11b) .
Similar to the preference of Cl for the volatile phase relative to the rhyodacitic melts, in the four sulfurdoped experiments the behaviour of S is consistent with the recent work of Zajacz et al. (2013) and Masotta et al. (2016) , who measured D S fluid/melt !100 between rhyodacite and aqueous fluid at oxidizing experimental compositions similar to those in this investigation. In our experiments, the majority of the total S budget partitioned strongly into the fluid phase given the low concentrations in the final glasses, and the absence of sulfide or sulfate minerals in the run products. Masotta et al. (2016) experimentally calibrated a model to predict D S fluid/melt for oxidized magmas at 2 kbar and 800-950 C, using relationships between melt structural parameters. Application of this model to our S-doped experiments yields very high predicted D S fluid/melt values of c. 50-190; this result is consistent with the measured low S concentrations in the final melts. However, the behaviour of S is complicated by its ability to be incorporated into the Au and AuCu capsule alloy (Botcharnikov et al., 2004) , which may also partly explain the very low S contents ($30 ppm SO 3 ) in the glasses from two of the S-bearing experiments conducted in AuCu capsules. Therefore mass-balance constraints on D S fluid/melt for these experiments would not be robust, and neither would any attempt to extract information regarding changes in sulfur partitioning over the range of experimental f O 2 values. Similarly, the effects of complex mixed volatile components on individual D fluid/melt behaviours are not currently well known for these liquid compositions (e.g. Webster et al., 2014; Binder et al., 2018) , and hence the effects of F, Cl, and CO 2 on S partitioning are unknown. Other previous work (e.g. Webster & Holloway, 1990; Balcone-Boissard et al., 2010; Baker & Alletti, 2012; and references therein) has illustrated the tendency of F to remain in silicic melts relative to coexisting aqueous fluids. Webster & Holloway (1990) reported low D F fluid/melt values of $0Á3 for rhyolitic melt and aqueous fluids at 2 kbar and $800 C where total F concentrations in the melt were less than $2 wt %. Thus, although F contents of the final fluids in our experiments were not directly measured and thus D F fluid/melt values were not calculated, it is also probable that the coexisting fluids contained little F relative to Cl and S at these conditions, especially owing to the crystallizing amphibole readily incorporating F, as shown here.
Effect of halogens on melt structure and partitioning
One potentially important melt structural parameter that must be considered when interpreting mineralmelt partition coefficients is the ratio of non-bridging oxygens to tetrahedrally coordinated cations (NBO/T ratio), which indicates the degree of melt polymerization (e.g. Mysen, 1998, 2004, and references therein) . This ratio can be expressed as both an anhydrous and a hydrous parameter. In the case of these experimental glasses, given the significant concentrations of H 2 O dissolved in the melts, NBO/T is calculated on a hydrous basis, and assumes all hydrogen occurs as a network-modifying component, thereby depolymerizing the melt (i.e. increasing the value of NBO/T) relative to an anhydrous composition. Furthermore, Fe 3þ has been shown to act as a network former whereas Fe 2þ behaves as a network modifier in aluminosilicate melts (e.g. Giordano & Dingwell, 2003) . However, given the relatively low total FeO concentrations, the change in the ferric:ferrous ratio as a function of f O 2 has a relatively minor effect on the calculated NBO/T. Whereas H 2 O/molecular OH -acts to depolymerize the melts, there are more complex effects for the halogens and S. Importantly, F and Cl appear to have contrasting effects on the structure of aluminosilicate melts owing to the differing complexes formed by the halogens. In general, Cl predominantly dissolves via complexation with networkmodifying alkaline earth metals (Ca or Mg), alkalis (Na or K), or Fe (Webster, 1997, and references therein) , and at these concentration levels it is likely that the F occurs as Si-F and Al-F complexes. Thus, Cl should serve to polymerize the melt whereas F should have a depolymerizing effect. The data of Hellwig (2006) and Barber (2007) support this hypothesis, with Hellwig (2006) reporting a c. 1 log unit decrease in viscosity of dacites and rhyodacites at magmatic temperatures with addition of 0Á35 wt % F (i.e. comparable with the concentrations in our glasses). Barber (2007) showed that addition of 0Á03 wt % and 1Á43 wt % F decreased the viscosity of rhyodacitic magmas by factors of $3 and $250, from 6Á2 Â 10 10 Pa s in F-free melts, to 2Á3 Â 10 10 and 2Á3 Â 10 8 Pa s, respectively. The complex behaviour of F and Cl is not accounted for in the NBO/T calculation, so in Cl-bearing experiments the hydrous NBO/T value should be taken as a maximum, whereas in Fbearing experiments it should be taken as a minimum. There are few data regarding the competing effects when both F and Cl are present in the melt, but the NBO/T for these run product glasses ranges from 0Á72 6 0Á02 at the most depolymerized to 0Á43 6 0Á02 at the most polymerized (Supplementary Data Electronic Appendix 2). This is a relatively restricted range, and in general this parameter appears to have little effect on the partitioning of major elements between the phenocryst and melt phases investigated here. In the case of S, Morizet et al. (2013) showed that the dissolution of S in a haplogranitic melt under oxidizing conditions did not produce appreciable changes in the melt structure, as a result of the low abundance of NBO in those melts. Thus, in our experimental glasses, although unaccounted for in the NBO/T calculation, it is likely that the effect of low S concentrations on the NBO/T values is also negligible.
Whereas the NBO/T measure of melt polymerization does not seem to affect partitioning behaviour, the alumina saturation index (i.e. aluminosity, or ASI) does appear to have an influence on the phenocryst chemistry, and hence partitioning of major components (e.g. Fig. 10a ). Other studies have shown strong positive correlations between increasing ASI values and increasing D mineral/melt and D fluid/melt coefficients for a variety of major and trace elements (e.g. Nandedkar et al., 2016) . This is most often related to the tendency of melts with excess alumina, and hence those that are strongly polymerized (Webb et al. 2004; Mysen & Toplis, 2007) , to reject highly charged cations, such as the rare earth and high field strength elements. The ability of a cation to bond to non-bridging oxygens to form a stable configuration results in lower D mineral/melt values than in melts where only bridging oxygens are available.
Comparison with barometers, thermometers, and hygrometers
Three recent calibrations for a geobarometer and geothermometer using experimental amphibole-melt data (Putirka, 2016) , and a geohygrometer using plagioclase-melt data (Waters & Lange, 2015) , can be compared with the experimental data in this study. Figure 12 shows the results of the model calculations (using averages of crystal compositions from each experiment) compared with actual or measured values for pressure and temperature from Putirka (2016) , and melt H 2 O concentrations from the plagioclase-melt model of Waters & Lange (2015) versus the melt H 2 O concentrations from FTIR and EPMA 'by difference' methods. In general, there is very good agreement between the calculated and actual experimental pressure values derived from D Al amph/melt partitioning and hydrous liquid compositional parameters (Fig. 12a) , with most of the data falling close to the 1:1 line. However, amphiboles from the CO 2 -bearing experiments yield calculated pressures that are erroneously low. This discrepancy is probably due to the aforementioned effects of lower fO 2 on FeO partitioning, and its influence on the (ferri-)tschermakite exchange in the amphibole, given the dependence of the calculated pressure on the D Al amph/melt . The pressure-independent calculation of crystallization temperatures (Fig. 12b) shows that the average amphibole compositions consistently overestimate experimental temperature by $35 C, with some amphibole showing more than a 60 C difference from the actual experimental temperature. However, in this case the CO 2 -doped experiments yield better agreement than they did in the pressure calculations. Given the partial dependence of the calculated temperature on both the Mg and Na contents of the amphibole, the lower Mg amphiboles from the lowest fO 2 experiments therefore yield the lowest calculated temperatures. This observation leads to an important consideration that must be made when applying such geobarometers and geothermometers (which require accurate measurements of both melt and phenocryst composition) to natural systems-how do the Mg/Fe ratios, alkali contents, and subsequent stoichiometry of the amphibole (and melt) change as a function of increasing halogen contents, and in particular through addition of F (e.g. Fig. 10a )? The most F-rich experimental amphiboles are also the most Mg-and alkali-rich, and hence these crystals provide the highest calculated temperatures and give the largest discrepancies between actual experimental values. Therefore, although natural volcanic amphiboles are seldom as F-or Cl-rich as some of the experimental ones in this study, care must be taken when applying these barometers and thermometers (calibrated for F-and Cl-poor melts) to natural systems where independent constraints on f O 2 and halogen concentrations are absent. Figure 12c shows that although there are some relatively large uncertainties on the water concentrations inferred from the EPMA 'H 2 O by difference' method (Devine et al., 1995) , and generally smaller ones on the FTIR measurements, the Waters & Lange (2015) model still closely reproduces the H 2 O contents of the experimental glasses, based on the average An content of the plagioclase. Application of this model to the CO 2 -bearing experiment shows that this volatile species appears to have little effect on the plagioclase-derived melt H 2 O values, and similarly for plagioclase crystallizing in halogen-bearing experiments. Thus, unlike amphibole, given the insensitivity of plagioclase to variations in melt halogen contents demonstrated in our data, we suggest that this thermodynamic model can be applied to halogen-bearing hydrous melts without the need for rigorous constraints on melt F and Cl concentrations.
In summary, integration of our experimental data with these recent models for constraining melt temperature, pressure, and H 2 O concentrations yields good agreement, and suggests that the models are useful tools for understanding natural magmatic systems. The agreement also shows that our experimental data are largely consistent with the datasets used to construct calibrations for these models. However, we suggest that although the application of such models to natural samples to reconstruct the petrogenetic histories preserved by the phenocryst chemistry still generates geologically reasonable pressure and temperature values, the errors on such calculated values could be further reduced by thorough geochemical analysis of the crystals, and subsequently a better understanding of how halogens affect the crystal-melt exchange of major elements in amphibole.
Implications for rhyodacitic magma evolution
Dacites and rhyolites found in arc settings often show evidence consistent with prolonged magma and crystal residence and evolution prior to explosive and/or effusive eruption (e.g. Streck et al., 2008) . Significant complexity exists in the partitioning behaviour of fluidmelt-mineral systems containing multicomponent volatiles, in particular where elevated concentrations of both halogens are present. The integration of our new data with previous experimental partitioning investigations discussed here reveals that the compositions of amphibole in particular will be sensitive to punctuated inputs of new chemically variable magma batches. For example, the addition of a small amount of F to a crystallizing magma will cause a shift in the amphibole compositions towards more Mg-and alkali-rich, and Cl-poor chemistries. This change in amphibole partition coefficients and average crystal composition will then have implications for the composition of hydrothermal fluid(s) exsolved later in the history of the magma chamber. Similarly, suppression of significant amphibole fractionation should be reflected through increasing F abundances in the residual melt with continued differentiation. The consistent behaviour of Cl partitioning as a function of the Mg# number of the amphibole across a range of temperature, pressure, and melt compositions demonstrated here suggests that application to natural systems, in conjunction with previous work such as that by Sato et al. (2005) and Giesting & Filiberto (2014) , can be a useful method to quantitatively reconstruct melt Cl contents. However, further work is required to constrain the systematic partitioning of F Fig. 12 . Plots comparing the average experimental mineral-melt data with (a) the amphibole barometer of Putirka [2016; equation (7b) ], (b) the amphibole geothermometer of Putirka [2016; equation (8)] , and (c) the plagioclase hygrometer of Waters & Lange (2015) . The error bars on the calculations are derived from the standard deviations of the electron microprobe analyses for the amphibole, plagioclase, and melt compositions. Errors on the absolute experimental pressure and temperature conditions are smaller than the symbols. between amphibole and melt, given results demonstrating both compatibility and incompatibility in amphibole from a wide variety of melt compositions. Similarly, these new halogen partition coefficients may also be a useful mechanism for identification of antecrystic populations from earlier unpreserved magma batches, latestage melt mixing, or recognition of the effects of fluid alteration (e.g. Iveson et al., 2016) .
Changes to the bulk f O 2 of the magma chamber by mixing with more mafic and reduced magmas, volatile fluxing, or through auto-oxidation by preferential removal of Fe 2þ in moderate-salinity Cl-bearing fluids (Bell & Simon, 2011) , will also strongly affect amphibole, clinopyroxene, and plagioclase chemistry. The correlations between increasing melt FeO concentrations and increasing Cl concentrations (e.g. Fig. 1c (Fig. 11) , suggest that Fe-Cl complexes are highly stable in these rhyodacitic melts. Therefore, the activities of Fe-O species in the melt are expected to be lowered, a mechanism potentially responsible for the suppression of Fe-Ti oxide crystallization seen here. High Cl and FeO contents are often documented in pantelleritic magmas ($1 wt % Cl and >8 wt % FeO in matrix glasses; Lowenstern, 1994; Neave et al., 2012) , and Bell & Webster (2015) discussed some of the implications of such Fe-Cl interactions in the melt on redox exchanges occurring in Cl-enriched arc magmas. Additionally, given the discordance seen in Fig. 1c between the experiments with lower total Cl contents and those with higher Cl contents, and the recognized high mobility of Fe in such fluids at these pressure and temperature conditions (e.g. Simon et al., 2004) , it is unlikely that FeO exerts the only control on Cl solubility in these complex fluid-melt systems (e.g. Metrich & Rutherford, 1992) . Our new data further confirm that external f O 2 conditions, melt composition, and crystallographic controls all affect halogen incorporation into calcic amphibole. Therefore, progressive oxidation of a crystallizing magma will lead to higher amphibole Mg# and subsequent decreased Cl incorporation, and will also be accompanied by higher FeO contents in plagioclase. The overall limited variation seen in the average plagioclase anorthite contents in these experiments suggests that it is relatively insensitive to the range in temperature and pressure conditions investigated here, and thus melt composition and H 2 O concentration exert the strongest influence on plagioclase chemistry.
Finally, although only a single small apatite crystal was documented in one non-halogen-doped experiment in this study, halogens do form a major component of apatite stoichiometry and its occurrence is widespread in arc magmas. Therefore, in higher modal abundances, it has the potential to act as a significant repository of F and Cl in natural systems, and has recently been shown to be a promising oxybarometer owing to its ability to incorporate S existing in a spectrum of oxidation states (Konecke et al., 2017) . A full treatment of halogen partitioning and exchange between melt-fluid-apatite in felsic magmas is beyond the scope of our investigation, with such discussion available in studies by Webster et al. (2017) and Riker et al. (2018) , and other work by Stock et al. (2016) has shown how the variability in apatite halogen and water concentrations can be used to reconstruct late-stage volatile saturation in explosive volcanic eruptions. Given the proven utility of apatite in recording the volatile systematics of igneous systems, further investigations are required to fully constrain the equilibrium halogen partitioning behaviour that would be expected in complex natural magmatic systems saturated in amphibole 6 apatite 6 evolved melt 6 fluid, and the effect, if any, that apatite would have on F and Cl incorporation into amphibole.
CONCLUSIONS
Twenty-four IHPV crystallization experiments were conducted to determine the mineral-melt partitioning behaviour of major elements, minor elements, and the halogens F and Cl, between calcic amphibole, plagioclase, clinopyroxene, and hydrous rhyodacitic melts. Overall, the variability seen in partition coefficients is largely unrelated to changes in temperature and pressure (across the limited range investigated). Instead, variations in melt chemistry owing to f O 2 and halogen concentrations exert the greatest impact on the composition of the phenocryst phases. In particular, plagioclase strongly prefers Fe 3þ and hence shows lower FeO concentrations when crystallized under lower f O 2 conditions, whereas amphibole and clinopyroxene show increased FeO and decreased MgO contents at lower f O 2 .
Importantly, whereas Cl concentration in the melt does not affect its absolute partition coefficient into amphibole, higher melt F concentrations lead to lower D F amph/melt values, and crystallization of relatively alkalienriched amphibole compositions, while also stabilizing amphibole at lower pressures than in F-free melts with otherwise similar compositions. There are competing effects and feedbacks between the incorporation of F and Cl into amphibole, F-Fe and Mg-Cl crystallographic avoidance, and the control of f O 2 on the Mg# number of the amphibole. Given the importance of constraining amphibole and melt halogen contents shown in this study, we therefore recommend that future experimental studies aiming to investigate amphibolemelt partitioning behaviour should routinely measure F and Cl concentrations, especially where natural starting powders are used and even when starting charges are not deliberately doped with these elements.
The partitioning and coupled substitution behaviours of the major components in amphibole, plagioclase, and clinopyroxene overlap with other experimental results for these phenocrysts in broadly dacitic magmas, across a range of temperature and pressure conditions. However, discrepancies are seen in particular for the halogens in amphibole, and are attributable to melt composition and phenocryst chemistry differences. Whereas calculation of fluid-melt partition coefficients for Cl suggests that it strongly partitions into a separate volatile phase, with the magnitude of this partitioning reduced when coexisting with a more Fe-rich and depolymerized melt, F appears to remains in the melt phase and is strongly compatible in amphibole. The variability in observed D F amph/melt and D Cl amph/melt values has potential impacts on the composition of multicomponent fluid phases exsolved later from fluid-saturated magmas.
Finally, integration of our new data with recently published models for reconstructing pressures, temperatures, and H 2 O concentrations of crystallizing magmas give good agreement, but the complexities identified here, especially in amphibole, suggest that care must be taken when employing amphibole-based models to reconstruct the evolution of hydrous arc magmas.
